tions contained significant amounts of a siderophore and that the siderophore was different from the traditional phenolateand hydroxamate-type siderophores produced by other species of bacteria and may have a novel chemical structure.
MATERIALS AND METHODS
Chemicals and glassware. Ethylenediamine-di(o-hydroxyphenylacetic acid) (EDDA) was purchased from Sigma Chemical Co., St. Louis, Mo., and was crystallized by the procedure of Rogers (24) . 2,3-Dihydroxybenzoic acid and 2,2'-dipyridyl were also purchased from Sigma. Deferoxamine mesylate (Desferal) was obtained from CIBA-GEIGY Corp., Summit, N.J. Schizokinen was isolated from Bacillus megaterium ATCC 19213 and partially purified by the procedure of Mullis et al. (18) . Radioactive iron was purchased from Amersham Corp., Arlington Heights, Ill., as 59FeC13 in 0.1 N HCI (specific activity, 12 ,uCi/,ug). All solutions were made in Milli Q water (Millipore Corp., Bedford, Mass.) unless specified otherwise. To minimize iron contamination, we soaked all glassware overnight in 0.5% EDTA and rinsed it 10 times in deionized water.
Chemical assays. The Arnow test (1) was used to detect phenolate-type siderophores in the culture extracts. The presence of hydroxamates was determined by the Csaky test with both unhydrolyzed and hydrolyzed culture extracts (3, 9) . The method of Emery and Neilands (4) was also used for the detection of hydroxamates. In this method, the formation of a nitrosodimer with a hydroxamate was monitored at A264. The iron content of various media was determined with a Ferrozine [3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-triazine] reagent by the procedure described by Holzberg and Artis (14) .
Bacterial strains and growth conditions. Four strains of P. multocida (X73, P1059, Urbach, and L8503) were used throughout this study. Strains X73 and P1059 were obtained from K. L. Heddleston, NADC, Ames, Iowa. Strains Urbach and L8530 were isolated from turkeys that had died of avian pasteurellosis in Minnesota. The bacteria were maintained in freeze-dried form. Each strain was grown overnight on blood agar at 37°C. For siderophore production, the culture was transferred to a low-iron, chemically defined medium (CDM) (7) , the composition of which is presented in Table 1 . CDM was prepared as a 5 x stock solution without aspartic acid, tyrosine, and MgSO4 -7H20. The stock solution was then deferrated by passage through a Chelex-100 (Bio-Rad Laboratories, Richmond, Calif.) column. Subsequent experiments revealed that the deferration process was not necessary if chemicals of high purity were Production of the pasteurelia siderophore. A single colony of each strain of P. multocida propagated from overnight growth on blood agar was inoculated into a tube containing 3 ml of CDM and shaken overnight at 37°C. For large-scale siderophore production, 0.5% of this growth was inoculated into a flask containing 500 ml of CDM+DP, aerated by shaking, and incubated at 37°C. Cells were harvested during the stationary phase or at other times as indicated in the text. The culture filtrates obtained from the spent media after centrifugation (16,000 x g, 30 min, 4°C) were filter sterilized and concentrated by freeze-drying.
Extraction of the pasteurella siderophore. Three different extractions were used in an attempt to isolate the siderophore from the culture filtrates: ethyl-acetate, chloroformphenol-ether, and methanol extractions. A 25-ml portion of lOx-concentrated culture filtrate was adjusted to pH 1.5 and extracted with 10 ml of ethyl acetate. The organic layer was rotary evaporated to dryness and then dissolved in 5 ml of water. Another 25-ml portion of lOx concentrated culture filtrate was acidified to pH 2 and extracted with 20 ml of chloroform-phenol (1:1, wt/wt). Diethyl ether (150 ml) was added to the organic layer, mixed, and extracted with 10 ml of water. The extract was washed with ether and then adjusted to pH 7.0. The solution was freeze-dried and suspended in 5 ml of water. A third extract was prepared by adding 75 ml of methanol to the residue obtained from freeze-drying 500 ml of the culture filtrate. The mixture was stirred at room temperature overnight and then centrifuged to remove the undissolved material. The yellow supernatant was rotary evaporated to dryness and then suspended in 5 ml of water. This fraction was referred to as the ME (methanol) extract. All extracts were filter sterilized before use in the bioassay.
Purification of the pasteurelia siderophore. A 2-ml portion of the ME extract of culture filtrate from strain X73 containing the pasteurella siderophore was further purified by gel filtration chromatography on a Bio-Gel P-2 polyacrylamide (Bio-Rad) column (1.5 by 90 cm) equilibrated with watermethanol (10:1) solvent. The fractions were tested for siderophore activity by the photometric assay with P. multocida. The positive fractions were pooled, freeze-dried, and suspended in 2 ml of water. This material was then loaded onto a 10-ml Dowex AG2X8 (Bio-Rad) column which had been converted to the acetate form. After being washed with water, the column was eluted with 100 ml of NH4Cl by using a linear concentration gradient of 50 mM to 1 M. The fractions were assayed for pasteurella siderophore activity. The positive fractions were pooled, freeze-dried, and suspended in 1 ml of water. A portion of this material was further purified by high-pressure liquid chromatography (HPLC) on a Hewlett-Packard 1090 chromatograph equipped with an autosampler, diode array UV detector, and model 3392 electronic integrator. A 100-,l sample was loaded onto a C18 column (4.6 mm inner diameter by 25 cm; particle size 5 ,um; Rainin Instrument Co.) and eluted at 1 ml/min with the following gradient: 100% water (8 min), linear gradient from 100% water to 100% methanol (1 min), 100% methanol (6 min), and linear gradient from 100% methanol to 100% water (5 min). The A280 was monitored.
The fractions (0.5 ml) were freeze-dried, dissolved in 100 ,ul of water, and tested for the presence of the pasteureila siderophore. A 50-,ul portion of each positive fraction was VOL. 54, 1986 on October 19, 2017 by guest http://iai.asm.org/ Downloaded from loaded onto a Partisil SAX 10 column (4.6-mm inner diameter by 25 cm; Whatman, Inc., Clifton, N.J.) and eluted at 1 ml/min with the following gradient: ammonium acetate (50 mM, pH 5.0) for 10 min, ammonium acetate (200 mM, pH 5.8) for 10 min, and 1:1 (vol/vol) methanol-ammonium acetate (200 mM, pH 5.8) for 10 min. The fractions (1 ml) were freeze-dried, dissolved in 100 ,u of water, and tested for the presence of the pasteurella siderophore. The positive fractions were characterized by thin-layer chromatography (TLC).
Iron-binding activity of the pasteurella siderophore. The iron-binding role of the pasteurella siderophore was tested by the method described by Norrod and Williams (21) . Either uninoculated media or Urbach culture filtrates were added to iron-free transferrin (Sigma) and incubated at 37°C for 1 h. The binding of iron by the transferrin in the absence or presence of the siderophore was measured at 470 nm after each addition of 20 ,ul of 1.0 mM ferric nitrilotriacetate, an iron compound that reacts stoichiometrically with transferrin (2).
The iron-binding role of the pasteurella siderophore was further confirmed by an additional method. Two 10-ml glass pipettes were packed with Sephadex G-10 (Pharmacia, Inc., Piscataway, N.J.). The columns were equilibrated with Milli Q water. One of the columns was loaded with an iron mixture which contained 5 RI of 59Fe (1 [tCi in 0.1 N HCl) and 50 ,ug of ferric chloride in water. The other column was loaded with the iron mixture plus 50 ,u of the pasteurella siderophore, which had been partially purified on a Bio-Gel P-2 column. The columns were eluted with water, and fractions (1.5 ml) were counted for radioactivity in a Biogamma Counter II (Beckman Instruments, Inc., Fullerton, Calif.). Similar studies were done with columns packed with Bio-Gel P-2.
Detection of the iron-solubilizing activity of the pasteurella 
RESULTS
Detection of siderophore activity in spent culture media and their ME extracts. P. multocida Urbach, L8530, X73, and P1059 all grew well in CDM, which contained <0.02 ,ug of Fe per ml. The growth rate for each strain, however, was slightly different. Urbach grew faster than X73 both on the CDM agarose plate and in the CDM broth (data not shown). Figure 1 shows the growth kinetics of X73 in the presence or absence of different concentrations of iron or the iron chelator 2,2'-dipyridyl. The addition of ferric chloride to CDM increased the growth rate and the final cell density. A longer lag phase and slower growth rate were observed in the presence of 2,2'-dipyridyl, but eventually, after 120 h of incubation, the broth became turbid. We were also successful in serially transferring both X73 and Urbach into CDM+DP or CDM three times. This led us to speculate that some iron transport compound or siderophore(s) was produced by P. multocida when it was grown in CDM or CDM+DP. The culture filtrates of the Urbach strain grown in CDM or CDM+DP appeared to chelate iron, as measured by the decreased ability of iron-free transferrin to bind iron in the presence of the culture filtrates (Fig. 2) . To confirm the presence of a siderophore, we tested the culture filtrates of all four strains (X73, P1059, Urbach, and L8530) of P. multocida grown in CDM or CDM+DP in a bioassay on EDDA-CDM-agarose plates with the Urbach strain. All of the culture filtrates reversed the inhibition by EDDA however, showed negative reactions for phenolates in the Arnow test and for hydroxamates in both the Csaky test and the periodate assay (4). These concentrated culture filtrates were also negative for phenolate-and hydroxamate-type siderophores, as determined by the bioassays with phenolate-and hydroxamate-dependent indicator organisms. Several iron chelators, 2,3-dihydroxybenzoic acid, deferoxamine mesylate, or partially purified schizokinen, failed to enhance the growth of the Urbach indicator strain when tested in the bioassay. Instead, these chelators showed inhibition zones around the testing wells on the overseeded bioassay plates. It was thus speculated that a distinct type of iron transport compound existed in P. multocida.
Three types of extractions were carried out to concentrate the P. multocida siderophore: ethyl acetate, chloroformphenol-ether, and methanol extractions. The ethyl acetate and chloroform-phenol-ether extractions were used by Simpson and Oliver (26) to isolate phenolate-and hydroxamatetype siderophores, respectively. All three extracts were negative in the Amow and Csaky tests. A 2-,ul quantity of each extract was sufficient to yield positive pasteurella siderophore activity. At least 20 RI1 of each extract was needed to yield positive results in the bioassay with the phenolate-dependent auxotroph S. typhimurium enb-7, while up to 40 RI1 of each extract yielded negative results in the bioassay with the hydroxamate-dependent auxotroph A. flavescens JG-9. Extraction with methanol resulted in the greatest recovery of siderophore activity and was used throughout the study.
Our studies indicated that the pasteureila siderophore stimulated the growth of P. multocida Urbach in the EDDA-CDM photometric bioassay. The indicator strain without EDDA reached the stationary phase after 50 h of incubation, while EDDA at 1 ,ug/ml completely inhibited growth. The addition of ferric ammonium citrate at various concentrations to EDDA-CDM enhanced growth and shortened the length of time needed to reach the stationary phase. It was therefore possible to estimate the relative titer of the pasteurella siderophore by using this photometric bioassay and determining the incubation time needed for the indicator strain to reach the stationary phase of growth. The ME extract of the CDM culture filtrate enhanced the growth of the indicator strain in a shorter time than did that of the CDM+Fe culture filtrate. These results indicated to us that a higher concentration of the pasteurella siderophore was present in the CDM filtrate than in the CDM+Fe filtrate. Further proof was obtained by comparing the ironsolubilizing activity of the ME extracts of these filtrates. Almost twice the amount of iron-solubilizing capacity was present in the CDM filtrate as in the CDM+Fe filtrate (Table  2) . Furthermore, different strains of P. multocida had different iron requirements. It was found that the ME extract of the Urbach strain CDM filtrate had a higher siderophore content than that of the Urbach strain CDM+DP or CDM+Fe filtrate. The ME extract of the X73 strain CDM+DP filtrate had the highest siderophore content. Partial purification of the pasteurelia siderophore. Six samples of ME extracts of the Urbach and X73 strain CDM, CDM+Fe, and CDM+DP filtrates were fractionated on a Bio-Gel P-2 column. The pasteureila siderophore was eluted from the column in the same fractions in all the ME samples (Fig. 3) . This result indicated that the siderophore produced in each of the different media may be the same compound. We were also able to separate 2,2'-dipyridyl from the siderophore in the ME extract of the CDM+DP filtrate. Active fractions from the Bio-Gel P-2 column were also positive for iron-solubilizing activity in the dialysis assay method. Further proof of siderophore activity was obtained by demonstrating the ability of the siderophore to mobilize iron through a gel filtration column (Fig. 4) . Although 59Fe alone does not elute with water from a Sephadex G-10 or Fraction number  FIG. 3 . Chromatographic profile on a Bio-Gel P-2 column of an ME extract of P. multocida X73 grown in CDM+DP. The column was eluted with water-methanol (10:1) solvent. The flow rate was 15 ml/h. Samples (3 ml) were collected for each fraction. Pasteurella siderophore activity was assayed in each fraction by a photometric bioassay with P. multocida Urbach as the indicator strain. The shaded area contained fractions that were positive for pasteurella siderophore activity. Bio-Gel P-2 column, mixing 59Fe with the siderophore-active fractions yielded mobile 59Fe from both columns. When we used a mixture of 59Fe and siderophore-active fractions, we recovered almost all the radioactivity from the Sephadex G-10 column. This phenomenon was not due to a reduction of the ferric ions by the siderophore-active fractions, because no apparent Fe2+ was detected with the Ferrozine reagent without prior reduction by ascorbic acid.
Siderophore-positive fractions of strain X73 from the Bio-Gel P-2 column were freeze-dried and further purified on a Dowex AG2X8 column. Siderophore-positive fractions were eluted from the column with a concentration gradient of NH4Cl (Fig. 5) . Further purification of the pasteurella siderophore was accomplished by C18 reverse-phase HPLC.
Fractions (0.5 ml) were collected and assayed for siderophore activity by the bioassay. The majority of the siderophore was not retained by the C18 column and eluted at 2.5 min (Fig. 6) . Similar results were also obtained when samples of the ME extracts of CDM and CDM+Fe filtrates were chromatographed on Bio-Gel P-2, freeze-dried, and then further purified by C18 reverse-phase HPLC. Active 6 . HPLC profile on a C18 reverse-phase column of pasteurella siderophore peak material from the Dowex AG2X8 column (Fig. 5) . See the text for details. The pasteurella siderophore was found in the fraction which eluted at 2.5 min (shaded area). The A280 was monitored.
material isolated by C18 reverse-phase HPLC was rechromatographed on an HPLC anion-exchange column. The peak at 13.47 min (Fig. 7) contained the pasteurella siderophore. A sufficient quantity of the pasteurella siderophore for structure elucidation is currently being purified by HPLC.
Further characterization of the pasteurella siderophore. A mixture of a siderophore-positive fraction eluted from the C18 column and 59FeCl3 did not migrate from the point of origin when subjected to high-voltage paper electrophoresis at pH 1.8. In contrast, the ferrated complex migrated as an anion at pH 6.6. When subjected to TLC on Silica Gel F-254 plates, samples of the mixture failed to migrate with three different solvent systems, and all the radioactivity remained at the origin.
A siderophore-positive fraction (1 mg) eluted from the C18 column was spotted across a TLC Silica Gel F-254 plate and developed in chloroform-methanol-water solvent. Bioassays done with the material scraped from the plates and extracted with 50% methanol revealed that the siderophore remained at the origin. This spot fluoresced when observed under a long-wavelength UV light and yielded negative reactions with ninhydrin and hydroquinone sprays.
Siderophore-positive material recovered from the HPLC Partisil SAX 10 column at 13.47 min had a very low extinction coefficient from 400 to 240 nm, suggesting that it was not an aromatic compound. Maximum absorption occurred at 215 nm.
Fraction number FIG. 5 . Ion-exchange chromatography on Dowex AG2X8 of the pasteurella siderophore sample of strain X73 from the Bio-Gel P-2 column (Fig. 3) . The column was washed with water and then developed with a linear gradient of 50 mM to 1 M ammonium chloride. The flow rate was 10 ml/h. Samples (1.5 ml) were collected for each fraction. Eluants were tested for the pasteurella siderophore by the bioassay. The shaded area contained the siderophore. The dotted line indicates the gradient. Time (min) FIG. 7 . HPLC profile on a Partisil SAX 10 anion-exchange column of pasteurella siderophore peak material from the C18 reverse-phase column (Fig. 6) . See the text for details. The pasteurella siderophore was found in the fraction which eluted at 13.47 min (shaded area). The A280 was monitored.
DISCUSSION
In this study the presence of a growth-enhancing factor for P. multocida was detected by bioassays. This factor was present in culture filtrates from P. multocida grown in a low-iron medium (CDM). The iron-binding property of this growth-enhancing factor was demonstrated by its ability to significantly reduce iron binding to transfemn, to mobilize 59Fe through Bio-Gel P-2 and Sephadex G-10 columns, and to solubilize iron in an equilibrium dialysis system. Since this growth-enhancing factor has fulfilled most of the criteria recently described by Neilands and Ratledge (20) for a compound to be classified as a siderophore, it can be considered a pasteurella siderophore.
The behavior of the pasteurella siderophore on a C18 reverse-phase HPLC column and on Silica Gel F-254 TLC plates indicated a highly polar, water-soluble compound. Negative results in the Amow and Csaky tests and the absence of a charge transfer band between 420 and 500 nm indicated a structure of the pasteurella siderophore that is not related to those of other, well-characterized catecholand hydroxamate-type siderophores. We hypothesize that the pasteurella siderophore has a novel chemical structure and should be termed multocidin. The occurrence of a siderophore which is neither a phenolate nor a hydroxamate is not unique. Recently, Smith and co-workers (27, 28) isolated a structurally novel siderophore from Rhizobium meliloti which utilizes ethylenediaminedicarboxyl and ahydroxycarbonyl functional groups for iron binding.
A common characteristic feature of many well-defined bacterial iron transport systems is the inhibition of siderophore production during growth in high-iron medium (19) . We found that multocidin was present in higher concentrations during growth in low-iron media (CDM and CDM+DP) than during growth in high-iron medium (CDM+Fe). This result was detected in our photometric bioassay and in our iron solubilization assay ( Table 2 ) and demonstrated that very little multocidin was produced by P. multocida grown under high-iron conditions.
Another finding in our studies was that highly concentrated ME extracts and partially purified (C18 reversedphase HPLC, 2.5-min eluate) multocidin enhanced the growth of the phenolate-dependent auxotroph S. typhimurium enb-7 in the bioassay. This was not an unusual finding because others (17) have reported that the bioassay with S. typhimurium enb-7 was not specific for phenolate.
In summary, these data clearly show for the first time the existence and nature of a pasteurella siderophore called multocidin. We are currently purifying the multocidin to study its chemical structure and its role in the pathogenesis of avian pasteurellosis.
